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Arnel R. Hallauer 
Distinguished Professor of Agronomy 
Iowa State University 
Introduction 
Corn is the most widely and intensively grown crop species in the world and ranks third in 
the world, behind rice and wheat, in total production. Corn originated in southern Mexico or 
northern Guatemala 5,000 to 10,000 years ago. Corn is extremely variable genetically, and 
selection pressures were effective in developing corn strains to meet the needs of the native 
inhabitants. Most of the genetic variability in corn was present before the European colonists 
arrived in the Western Hemisphere. Native Americans had developed races that were being 
grown in present-day southern Canada, the United States, Mexico, Central America, islands of 
the Caribbean, and throughout South America by 1492. Columbus collected corn on the 
northern coast of Cuba on his first trip. After corn was introduced in Spain in 1493, corn 
became distributed throughout the world, where it could be grown and cultivated within two 
generations (Manglesdorf, 1974). 
Corn breeding includes two separate, but equally important, components: 1) germplasm 
improvement and 2) development of inbred lines for use in hybrids. Genetic advance depends on 
the systematic improvement of germplasm, and all breeding programs should include both 
components. 
Germplasm Improvement 
Genetic variability is the essential raw material that is necessary for successful plant 
breeding. Genetic variability has not been a restraint in making genetic progress in corn 
breeding. Extensive quantitative genetic studies during the 1950s and 1960s provided evidence 
that adequate genetic variability was available in corn populations to expect response to selection. 
Generally, it has been found that if effective screens are either available or developed, response to 
selection will be realized. Effective screens are those techniques that separate genetic and 
environmental effects so that selection is based primarily on genetic differences and not 
confounded by the effects of the environments (such as escapes, nonuniform infection, genotype 
environment interactions, etc.) will be reduced. Effective screens include artificial infestation with 
eggs, larvae, or adults of insects to reduce the occurrence of escapes, artificial infection with 
spores of diseases to ensure uniform coverage of all plants, standardized chemical analyses for 
quality traits, and replicated trials repeated in different environments to separate and estimate 
components of variance caused by genetic effects, environmental effects, and genotype by 
environment interaction effects. 
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Careful consideration, therefore, should be given in the choice of germplasm included in 
breeding programs. Because most corn populations seem to have adequate genetic variability to 
expect response to selection, other parameters should be used in choice of germplasm. Other 
parameters include the overall productivity of the population, general resistance to important 
pests, grain type and color for acceptance by growers and users, proper maturity, drought 
tolerance, and other agronomic traits that may be important for corn production and use. 
Defmitive information on com populations for these traits, however, often has been lacking. It 
has been only realized recently that breeding information (combining ability, inbreeding 
depression, heterosis, and performance per se) is essential to make wise choices in germ plasm. 
After you carefully choose the com population(s) that you judge have the necessary traits 
for your area, the choice of selection method(s) to genetically improve the population(s) needs to 
be determined. These selection methods for the cyclical improvement of populations are 
collectively designated as methods of recurrent selection. Paradoxically, the choice of recurrent 
selection method(s) seems to be of less importance than the choice of populations. Evidence 
suggests that if effective screens are available all selection methods, with few exceptions, are 
effective (Hallauer and Miranda, 1988). Because com is a cross-fertilizing species, several 
different methods of recurrent selection have been applied to corn populations (Table 1 ). The 
choice of method, therefore, should be the one that best meets the specific needs and conditions 
of the breeding program. The choice of method also can be either modified or changed if the 
situation warrants a change, such as, changes in disease and insect pressures. 
Recurrent Selection 
Recurrent selection has two objectives: 1) change of the mean of the population in the 
desired direction by increasing the frequency of desirable alleles; and (b) maintain genetic 
variability within the population by intermating selected progenies between cycles of selection. 
To attain these objectives requires the completion of three phases for each cycle of recurrent 
selection for all of the methods listed in Table 1, except for mass selection: development of 
progenies (e.g., half-sib, full-sib, S" etc.) (Table 1); evaluation of progenies in replicated trials to 
determine the breeding values of the progenies (Table 2); and intermating of selected progenies to 
generate genetic variability for the next cycle population. Each phase is repeated for each cycle 
of recurrent selection and are equally important to the success of the selection program. 
Recurrent selection methods are flexible and are useful for different aspects of corn 
breeding. Recurrent selection can be used to increase level of resistance to important diseases 
and insects, change chemical composition of grain, change plant architecture, change grain type, 
improve stress tolerance, increase productivity, and adapt exotic germplasm. Materials derived 
from recurrent selection programs that are integrated with other aspects of a corn breeding 
program can have several useful end products (Eberhart et al., 1967). Some possible uses of 
materials derived from recurrent selection programs include improved germplasm for breeding 
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programs to develop inbred lines, lines as parent stocks of hybrids, and lines for use in pedigree 
selection programs to develop 2nd cycle lines. 
Recurrent selection methods also are flexible for the number of traits selected (multiple-
trait selection) and for generations within each cycle of selection (multiple-stage selection); e.g., 
selection for different traits in S1 and S2 generations. Single-trait selection has been shown to be 
very effective, but the correlated effects for other traits may not be desirable (Hallauer et al., 
1988). The direct effects of selection are positive, but the indirect (or correlated) effects of 
selection may not be acceptable. One, therefore, has to closely monitor the selection methods to 
ensure useful germ plasm sources are developed. Recurrent selection methods are long-term, and 
it is imperative that acceptable germplasm is developed to justify the expense in time and 
resources allocated to recurrent selection. Plan carefully, make adjustments when needed, 
monitor carefully the responses to selection, and determine the desires and needs of the breeders 
and the growers when you initiate and conduct recurrent selection programs. Reviews on 
planning and conducting recurrent selection in com were provided by Hallauer (1985, 1992). 
Examples of Recurrent Selection Conducted in Com 
Examples of the responses obtained from recurrent selection methods will be presented to 
illustrate some of the advantages and disadvantages of the methods used. Direct response to the 
trait emphasized in selection was realized, but in some instances the indirect effects of selection 
were not desirable. The examples illustrate what responses can occur and what we can expect in 
most instances. 
Pest Resistance: 
Stalk rots and the European com borer are important pests of com in the U.S. Com Belt. 
Both pests cause yield losses by stalk lodging and by loss of ears at harvest. Recurrent selection, 
based on S1 progeny evaluation, was used to increase levels of resistance to both pests. Effective 
screens were developed to infect with the stalk-rot fungi and infest with either eggs or larvae of 
the European com borer. Artificial methods of infection and infestation were used to reduce the 
incidence of escapes and increase the heritability of the traits in selection. 
Two generations of the European com borer usually occur in the U.S. Com Belt: the first 
generation infests young plants (ca. 30 em) and the second generation infests plants at flowering. 
Klenke et al. (1986) conducted a recurrent selection program to develop resistance to both 
generations (Table 3). Selection was only for European com borer resistance with no 
consideration given to other traits. Direct responses to selection for the European com borer 
were effective for both generations, suggesting the methods used (S1 progenies under artificial 
infestation) were effective. This is in contrast to the results of Williams and Davis (1983) who 
based selection on individual plants (mass selection) for resistance to the southwestern corn borer; 
they were not successful in realizing increased resistance based on individual plant selection. But 
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Klenke et al. (1986) found that effective selection for greater resistance was accompanied with a 
21.1% decrease in yield for first-generation resistance and a 17.1% decrease in yield for second-
generation resistance. 
Devey and Russell (1983) reported a study that used S1 progeny recurrent selection in a 
strain of Lancaster Sure Crop for greater resistance to incidence of stalk rot and greater stalk 
strength. Seven cycles of selection were completed and evaluated to determine response to 
selection (Table 4). Selection was effective. The incidence of stalk rot infections significantly 
decreased (b = -0.26 ± 0.03) and stalk strength significantly increased (b = 4.74 kg) over the seven 
cycles of selection. There were correlated responses between incidence of stalk rot and stalk 
strength; i.e., stalk strength increased as incidence of stalk rot decreased. There were other 
correlated responses, however, that were not desirable: the C7 population was later flowering, 
had reduced number of ears and a significant decrease (26.4 q/ha or 40%) in grain yield. Devey 
and Russell (1983) suggested the loss of yield was due to inbreeding effects from the small 
effective population size used and changes in partitioning of photosynthates from the ear to the 
stalk. 
The studies by Klenke et al. (1986) and Devey and Russell (1983) illustrate one very 
important principle in selection: single-trait selection can be very effective, but the correlated 
effects may be undesirable if they are not monitored during selection. Direct response to 
selection would have been reduced if maturity and grain yield had been included with selection 
for pest resistance. Inbred Progeny and Half-sib Family Selection: 
Extensive studies have been conducted to compare the relative responses to selection for 
inbred progeny and half-sib family selection and the results from two studies are summarized in 
Table 5. In BSK(S) S1 progeny selection was more effective than half-sib family selection for the 
first four cycles of selection (62.1 q/ha vs. 52.9 q/ha, Table 5). The same response, however, was 
not realized after eight cycles (C8) of selection: no further response was attained with S1 progeny 
selection (C8 = 60.1 q/ha), whereas half-sib family selection continued to respond to selection (C8 
= 64.5 qlha). The difference (60.1 qlha vs. 64.5 qlha) was not significant, but the trend suggests 
no further response to S1 progeny selection after four cycles of selection. The selfed progenies for 
each method of selection were similar (41.3 qlha vs. 39.1 qlha, Table 5) after eight cycles of 
selection, but again a very small change occurred after C4 for S1 progeny selection. 
Horner (1985), in Florida, reported a comparison of S2 progeny selection and testcross 
selection (half-sib) after three cycles of selection. Responses to selection were similar for the 
testcrosses and population crosses for both methods of selection (Table 5). The S2 bulks of the 
C3 populations suggested less inbreeding depression with S2 progeny selection compared with 
testcross selection (31.6 qlha for S2 vs. 26.9 qlha for testcross selection, Table 5), which is similar 
to the results reported by Tanner and Smith (1987). 
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Two generations of inbred-progeny (S1 and S2) recurrent selection were conducted for five 
cycles in BS2 and BSTL and for four cycles in BS16. BS2, BSTL, and BS16 included exotic 
germplasm, and inbred progeny selection was initiated to improve the three populations for use 
in U.S. Corn Belt breeding programs. The selection protocol was similar for each population: 
500 to 800 S1 progenies were evaluated for resistance to first-generation European corn borer, 
stalk quality, maturity, plant type, and seed set; 200 to 300 plants were selfed after selection 
among and within sl progenies to advance to the s2 generation; 150 to 250 s2 progenies were 
evaluated in two replications at 3 or 4 locations; based on S2 progeny trials, 20 to 25 progenies 
were intermated using remnant S1 generation seed; two generations of intermating were completed 
between each cycle of selection, requiring 3 years to complete each cycle of selection; and 
selection of superior S2 progenies emphasized grain yield, grain moisture, and root and stalk 
lodging resistance. A selection index suggested by Smith et al. (1981) was used in making the 
selections. 
Iglesias and Hallauer (1991) evaluated the populations per se and the bulk selfs for each 
cycle of selection (Table 6). Responses to selection were similar for the three populations. In 
each population, positive response was realized from the CO to the C2 (BS16) and to the C3 (BS2 
and BSTL) for grain yield in populations per se and the self generation; no further responses for 
grain yield were obtained after the C3 cycle which was similar to the data reported by Tanner 
and Smith (1987) (Table 5). Responses in the selfed generations would be a more direct measure 
of the inbred progeny recurrent selection, but the responses for the self generation were similar to 
the populations per se. The results for grain yield, on a long-term basis, are not encouraging. 
BS16CO, for example, had a greater yield (47.1 qlha) than BS16C4 (44.9 q/ha), and the C4 (44.9 
qlha) had significantly lower yield than the C2 (53.9 qlha). Other agronomic traits were 
considered in selection, and except for stalk lodging, the changes for the other traits were in the 
desired direction (Table 6). 
It seems that inbred-progeny recurrent selection must be used with caution in corn. 
Inbred-progeny recurrent selection was effective for increasing resistance to important pests, but 
the correlated effects were not desirable (Tables 3 and 4). Inbred-progeny recurrent selection in 
BS2, BSTL, and BS16 was effective initially for grain yield, but response for increased grain yield 
plateaued after the C2 and C3 cycles of selection. BS2, BSTL, and BS16 included 50, 25, and 
100% exotic germplasm, respectively, and either the methods of selection used were not 
satisfactory or the genetic load of the exotic germplasm was too great to realize long-term 
response to inbred-progeny recurrent selection. Effective population sizes (20 to 25) may have 
been too small, and too many alleles were fixed either because of inbreeding and/or because of 
genetic drift. The lack of continued response by inbred-progeny recurrent selection, however, is 
not limited to populations with exotic germplasm because a similar response was obtained in 
BSK (Table 5), which is a strain (Krug) of Reid Yellow Dent. Homer et al. (1989) compared 
inbred-progeny and half-sib family recurrent selection and concluded that the inconsistent, and 
often discouraging, selection response to inbred-progeny recurrent selection was because of the 
importance of overdominant effects. If overdominant effects are important, these effects would 
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not be retained with inbred-progeny recurrent selection. Perhaps inbred-progeny recurrent 
selection can be used initially (2 or 3 cycles), and then change to some type of selection that 
includes crossing with a tester. Lamkey (1993, personal communication), however, found that S2 
progeny recurrent selection was the most effective method of eight recurrent selection methods 
conducted for five cycles of selection in BS 11. Data were obtained at five locations in 1992 and 
further evaluations are planned for 1993 and 1994. 
Reciprocal Recurrent Selection: 
Reciprocal recurrent selection methods are not used as extensively as the other recurrent 
selection methods because they are not as adaptable for many of the traits we wish to improve. 
Reciprocal recurrent selection methods are usually considered only for grain improvement in the 
cross of two populations. Hence, direct response is measured in the population crosses rather 
than the populations themselves. Initially, reciprocal recurrent selection methods seem more 
complex than the intrapopulation recurrent methods, but in reality they are no more complex and 
resource demanding than two selection programs that include half-sib family selection. The 
objectives of reciprocal recurrent selection are the same as for other recurrent selection methods 
except response is emphasized in the cross of two populations. Hybrid breeding programs are 
based on the exploitation of heterotic patterns. Reciprocal recurrent selection methods are 
designed to enhance the heterosis expressed in population crosses. 
Because reciprocal recurrent selection emphasizes the crosses between populations, the 
options for producing the families for evaluation are restricted to either half-sib or full-sib family 
selection. There are fewer reciprocal recurrent selection programs being conducted, but the 
responses to reciprocal recurrent selection programs based on half-sib family selection (Table 7) 
and full-sib family selection (Table 8) have been very encouraging for increasing grain production 
of the population crosses and enhancing heterosis. Both programs involve U.S. Corn Belt 
germplasm and are being conducted at Iowa State University, Ames, Iowa. 
Reciprocal recurrent selection based on half-sib family selection was initiated in 1949 with 
Iowa Stiff Stalk Synthetic (BSSS) and Iowa Corn Borer Synthetic No. 1 (BSCB1) populations. 
The program is being continued with 13 cycles of selection completed. Responses to selection 
were determined by Keeratinijakal and Lamkey (1993) after 11 cycles of selection (Table 7). 
Grain yield was emphasized in selection, but other agronomic traits were considered in making 
selections among half-sib families. Direct response in BSSS x BSCB1 was 59.4% or an average 
response of 2.8 q/ha per cycle of selection. The Cll x Cll (67.6 qlha) was 25.2 qlha greater 
yielding than the CO x CO (42.4 qlha). Midparent heterosis increased from 25.5% (COx CO) to 
78.7% (Cll x Cll). The correlated responses in BSSS (10.4%) and BSCB1 (17.1%) were not as 
great, but the populations were gradually improved by selection based on half-sib families or 
population testcrosses. Maturity and standability are important agronomic traits if the 
populations and population crosses are to be used directly or indirectly in hybrid breeding 
programs. Grain moisture levels at harvest did not increase and stalk lodging was significantly 
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reduced with increased response for grain yield. Eleven cycles of half-sib recurrent selection were 
effective in all respects in BSSS and BSCBl. 
Reciprocal recurrent selection based on full-sib progenies was initiated in 1964 with BS10 
and BS 11 populations. This selection program also is being continued with 11 cycles of selection 
completed. Responses to selection were determined by Eyherabide and Hallauer (1991) after 
eight cycles of selection (Table 8). Direct response in the population crosses was 60.4% with an 
average increase of 3.1 qlha per cycle of selection. Midparent heterosis for grain yield increased 
from 2.4% (COx CO) to 40.8% (C8 x C8). Indirect response for grain yield in BSlO (23.6%) and 
BSll (13.0%) also was realized. Other agronomic traits also were considered in selecting the full-
sib families for intermating, and the positive direct and indirect responses for grain yield were 
accompanied by significant decreases in grain moisture and stalk lodging in BS10, BSll , and 
their crosses. The 60.4% increase in grain yield of the population cross was not at the expense of 
later maturity and greater stalk lodging. The bulk S1 generations of the BS10 and BSll 
populations, and the BS10 x BSll crosses for the CO and after eight cycles of selection also were 
evaluated. Correlated responses of the inbred generations also were in the desired directions. 
Progress from half-sib and full-sib reciprocal recurrent selection was similar for the two sets 
of populations. Although selection emphasized grain yield, other agronomic traits were 
considered in making the fmal selections to intermate. It was realized that if the products derived 
from reciprocal recurrent selection were to contribute to development of lines and hybrids, they 
must have acceptable maturity and stalk quality. The consideration given to the other traits did 
not restrict response to selection for improved grain yield. Response to selection for grain yield 
may have been greater without consideration of maturity, root and stalk lodging, ear retention, 
and stand, but the selected populations and crosses would have little or no value for breeding 
programs. The data (Tables 7 and 8) certainly suggest that reciprocal recurrent selection methods 
can develop improved germplasm, if properly conducted. These two examples illustrate the 
potential of recurrent selection if the same selection procedures used in corn breeding programs 
are used in germplasm improvement programs. Reciprocal recurrent selection should be an 
important component of any breeding program that emphasizes development of hybrids. 
Hybrid Com Breeding 
The basic concepts of hybrid corn breeding were described by Shull (1909). During the 
past 80 years sources of germplasm and corn breeding techniques have been identified to develop 
highly productive hybrids for most areas of the world. Breeding methods and germplasm sources 
for extraction of inbred lines have evolved over time and will continue to change as information 
becomes available (Hallauer, 1990, 1992). Initially, the more productive open-pollinated varieties 
were used as germplasm sources to initiate development of lines by selfmg representative plants 
within the different sources. The inbred lines were crossed to determine their combining ability in 
crosses, and the lines were tested in different combinations of double-cross hybrids to determine 
the best combination of lines. Double-cross Ia939 (L289 x I205) (Os420 x Os426) was a widely 
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used hybrid that included four inbred lines developed from three open-pollinated varieties, 
Lancaster Sure Crop (L289), Iodent (I205), and Osterland Yellow Dent (Os420 and Os426). 
Iodent and Osterland Yellow Dent are strains of Reid Yellow Dent developed in Iowa, but 
Iodent lines tend to have good combining ability with both Lancaster Sure Crop and Reid 
Yellow Dent lines. It was only by testing lines in different combinations that the widely used 
heterotic pattern in the U.S. Com Belt of Lancaster Sure Crop-Reid Yellow Dent was 
recognized. Subsequently, breeding, selection, and testing methods were adjusted to exploit the 
Lancaster Sure Crop-Reid Yellow Dent heterotic pattern. Other heterotic patterns surely could 
be developed, but it would require extensive selection and testing to develop other heterotic 
patterns that would be as consistent in performance as the widely used Lancaster Sure Crop-Reid 
Yellow Dent in the U.S. Com Belt. Other heterotic patterns are recognized and used in other 
areas of the world; e.g., early European flints-U.S. dents in Europe and Tuxpeno-ETO 
Composite or Tuxpeno-Suwan 1 in the tropics. 
The trend for the use of open-pollinated varieties as source germplasm decreased rapidly 
after the initial samplings (Jenkins, 1978); resampling would not identify better or different 
genotypes if the initial samplings were adequate. Subsequent generations of lines were developed 
by use of elite-line crosses and backcross populations to make incremental improvements of elite 
lines, which are generally referred to as recycled or second-cycle lines (Bauman, 1977). These 
sources of breeding germplasm and the breeding, selection, and testing of lines from these sources 
have been extremely effective in developing genetical superior hybrids (Russell, 1991), but the 
number of lines used in the breeding populations is very limited (Smith, 1988). Intensive and 
rigorous selection within families of a few elite lines (B14, B37, B73, Oh43, and C103) also has 
enhanced the heterotic pattern of Reid Yellow Dent (B14, B37, and B73) and Lancaster Sure 
Crop (Oh43 and C103). 
Several issues related to breeding methods to increase the effectiveness of line and hybrid 
development have been suggested during the past 60 years: some are generally accepted as 
standard procedures, whereas others vary among breeders depending on their past experience and 
judgement. Some will be discussed as to their general importance and use in current hybrid 
breeding programs. Some are more important than others, but they all impact on the breeding, 
selection, and testing methods currently used. The issues will be discussed in somewhat 
sequential order relative to stage of breeding and historical development. 
Germ plasm: 
Germplasm sources primarily used for inbred line extraction have changed dramatically 
during the past 70 years. Originally, the only germplasm available was the open-pollinated 
varieties, but, presently, open-pollinated varieties receive minimal use in line development. 
Currently, nearly all of the initial germplasm sources are developed from some combination of 
elite line crosses (F 2, backcross, elite line synthetic of related lines, elite line synthetic of unrelated 
lines but within the same heterotic group) (Bauman, 1981). Each type of germplasm source has 
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been used successfully, but F 2, backcross, or combinations of crosses and backcrosses are the 
more common sources. The crossing of elite lines and selection within crosses have been repeated 
so that there are second, third, and more cycles that some elite lines have been recycled. Breeders 
plan carefully which elite lines to cross with the objective of selecting segregates that incorporate 
the best traits of the two elite lines crossed. Although elite germplasm is emphasized, lines have 
been developed from the different germ plasm sources: Mo 17 by pedigree selection from a cross 
of two lines (C103 x 187-2); B64 and B68 by pedigree selection from the same cross (41.2504B x 
B14) with two backcrosses to B14 and selection for greater European com borer resistance; A632 
from a cross (Mt42 x B14) with two backcrosses to B14 and with selection for earlier maturity; 
and H99 from a narrow-base synthetic (Ill.Oh43C). B14, B37, B73, and B84 were derived from a 
synthetic variety (BSSS). 
The main concerns is how many breeding populations of elite line crosses a breeder can 
include each season. The number of breeding populations is influenced by the size of sample 
taken from each population. Bauman (1981) reported a great variance among com breeders as to 
the number of individuals they felt should be taken to represent the genetic variation within the 
breeding populations; i.e., 100 or 1,000. The more frequent sample size reported was 500. If the 
breeder has 10,000 rows available in the breeding nursery and desired sample size of 500 
individuals, the breeder could include 20 breeding populations. Other breeders may consider 
smaller sample sizes, in which case they could include more breeding populations. If a sample 
size of 200 individuals was considered adequate, 50 breeding populations could be sampled for 
the 10,000 rows available in the nursery. 
Inbreeding for line development is usually initiated in the F 2 generations with no 
intermating within the populations before initiating selection. F 2 populations of elite line crosses 
would be at maximum linkage disequilibrium. If repulsion and coupling phase linkages limited 
the recovery of recombinant segregates, intermating may be helpful. It does not seem, however, 
that intermating of F2 populations before initiating inbreeding is worthwhile (Covarrubias et al., 
1989). 
Selection: 
After the sources of germplasm are chosen, the methods used in developing and evaluating 
either new lines or recovered lines varies among breeders within the same areas and among areas. 
Because the ultimate value of a line is its performance in hybrids, breeders naturally were 
interested if a relation exists between traits of a line and either the same or different traits in their 
hybrids, and if visual selection was effective for fixing traits in lines that were transmitted to their 
hybrids. Several studies were conducted to determine correlations of traits of lines with the same 
traits in their hybrids, both for each line and the average of parents in hybrids, correlations of 
traits of lines with yield of their hybrids, and correlations of yields of lines per se with yield of 
their hybrids. In all instances, the different combination of correlations were too low and too 
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inconsistent to be good predictors of how inbred lines perform in hybrids (Hallauer and Miranda, 
1988). 
Visual selection, however, does receive consideration by breeders during development of 
lines (Bauman, 1981). Among the traits considered during inbreeding, visual selection was 
considered to be effective for some traits (Table 9). The breeders also rated the traits for their 
relative importance in lines and hybrids. There was not a close agreement (r = 0.58) between the 
importance of traits and effectiveness of visual selection for these traits (Table 9). Corn breeders, 
however, continue to practice rigid selection during the development of lines because the eventual 
value of the lines is their relative performance in hybrids. Although the traits of the lines have 
low predictability for their hybrids and visual selection is generally not effective for many 
important traits, selection certainly remains effective for monitoring maturity, conforming to 
standards for plant and grain type, screening for disease and insect resistance to enhance 
resistance of their hybrids, and developing lines that can be maintained and used in seed 
production at reasonable costs. Visual selection will continue to have a role in corn breeding, but 
evaluation of lines in hybrids is an imperative. 
Testing for Combining Ability: 
The importance of testing inbred lines for their performance in hybrids was recognized and 
emphasized by Shull (1909); only then was the true merit of the new lines determined. Shull also 
indicated that just because one has a group of inbred lines that random crosses among them will 
not all be equally productive. Hence, one has to make the crosses between pairs of lines and 
evaluate the crosses in replicated trials before one can determine which pair of lines produces the 
superior hybrid. Shull (1909), therefore, either had a premonition that appearance of lines would 
not predict their performance in hybrids or had not visualized how important many traits would 
be considered during inbreeding to develop lines and evaluate in hybrids. 
Methods to increase the efficiency and effectiveness for evaluation of lines in crosses have 
always been a major focus in the study of hybrid breeding methods. Studies and suggestions 
were made for appropriate generation of inbreeding to test (early testing vs. late testing), relative 
importance of general (GCA) and specific (SCA) combining ability in crosses, types of testers 
(good or poor performance), extent of testing, and relative value of among and within progeny 
testcrossing (Hallauer and Miranda, 1988). Jenkins and Brunson (1932) presented evidence that 
the topcross method was useful for making an initial screening of lines for combining ability. 
Sprague and Tatum (1942) demonstrated that GCA effects were larger and more important for 
unselected lines and that SCA effects were more important in crosses between lines that have had 
previous testing. Jenkins (1935) and Sprague (1946) demonstrated that the combining ability of 
lines was established relatively early in the inbreeding process and remained relatively stable 
thereafter. The collective information provided by these studies have established that the 
potential value of new lines can be determined in the early generations (S1 to S3) of inbreeding 
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with the use of the testcross procedures. The production and evaluation of testcrosses is a very 
important and standard component of all hybrid corn breeding programs. 
Although testcrosses are a standard and key component, there are differences among corn 
breeders when testcrosses of new lines are produced and tested. The generation used to produce 
and conduct testcross evaluations varies among plant breeders, but all conduct testcross 
evaluation of lines at some stage of inbreeding (Table 10). It seems, however, that corn breeders 
are gradually evaluating lines at earlier stages of inbreeding, even earlier than the data reported 
by Bauman (1981). The proponents of early testing (Jenkins, 1935; Sprague, 1946) did not claim 
that a perfect correlation would occur between early and later generation testcrosses. Proponents 
for early testing indicated that the only value of early generation testing was to continue breeding 
effort in only those lines that had above average combining ability--they claimed no more or no 
less for advantages of early generation testing. Additional support for value of early generation 
testing includes the progress realized from recurrent selection programs (Hallauer, 1992) and the 
ineffectiveness of visual selection for agronomically important traits (Table 9). It seems testcross 
evaluation will continue to be conducted at earlier generations of inbreeding to determine the 
relative combining ability of new lines with testing conducted with fewer replications--more 
evidence of the value of early testing. 
Recurrent Selection and Com Breeding 
Each of these two aspects have been discussed separately, but it is only if both aspects are 
considered equally important that the potential of both will have their greatest benefits (Hallauer 
and Miranda, 1988). Neither of the methods, which are quite different operationally and have 
different objectives, have clear advantages over one another (Duvick, 1977). Some excellent lines 
have been developed by classical pedigree breeding methods (C103, Oh43, and Mo17) and some 
excellent lines have been developed by recurrent selection methods followed by pedigree selection 
(B14, B37, B73, and B84). All of these lines also have been effectively used in developing 
recycled lines by pedigree selection methods (Smith, 1988). Hence, the materials developed by 
either of the two distinct breeding methods have contributed to the genetic progress realized since 
the inbred-hybrid concept was proposed by Shull (1909). Both methods contribute to the develop 
of lines: lines developed from recurrent selection programs are used in pedigree selection 
programs of elite-line crosses, and pedigree selection methods are used in developing lines .from 
different cycles of recurrent selection. Recurrent selection programs that are not an integral part 
of applied breeding programs probably, in most instances, will not have a direct impact on the 
applied breeding program. This can happen because the traits emphasized in recurrent selection 
programs may not be the ones that are necessary in the applied breeding programs. If the same 
individuals are directly involved with both germplasm enhancement and development of lines and 
hybrids, a concerted and coordinated effort for genetic advance of the important traits necessary 
for a given area will be ensured. Conducting recurrent selection programs without any 
coordination with the applied breeding programs will not be a fruitful endeavor. 
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Table 1. Methods of recurrent selection that have been suggested and used for the genetic 
improvement of corn populations . 
Genetic 
Parental Years per variability (a~·l 




















< 0 . 5 
0.5 
1.0 




2 . 0 
1.0 




















n + 1 





0 . 25 
0 . 25 
0.25 
0 . 25 
0 . 25 
0.25 
0 . 25 



















0 Jenkins (1940) 
0 
0 Hull (1945) 
0 
0.25 Moll and Robinson 
(1966) 
0 . 25§ Eberhart (1970) 
0 . 12§ 
-0.0 
0 . 0 
0.25 
Comstock et al . (1949) 
Hallauer and Eberhart 
(1970) 
tParental control (c) depends on the seed source used in recombination. If the seed source 
used in recombination is the same as seed source used in evaluation trials, then c- 1, 
otherwise c is same value other than 1. 
tYears per cycle are listed for temperate areas where two seasons per year are used. Years 
per cycle are either extended if only one season available or reduced if more than two 
seasons per year. 
§coefficients of dominance variance for p - q - 0 . 5 . 
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Table 2 . Analysis of variance of progenies evaluated in replicated trials 
conducted in different environments . 
Source of variation d . f. t Mean squares Expected mean squares 
Environments (E) e-l MSs a2 + ega~ + 2 rage + rga~ 
Replications/E e(r - l) MS4 a2 + ega; 
g-l MS3 a2 + 2 + rea2+ rage g Progenies (G) 
G x E (e-l)(g-1) MS2 a2 + 2 rage 
Error e(r-l)(g-1) MS 1 a2 
Total erg-l 
te, r, and g indicate the number of environments, replications, and progenies, 
respectively. 
+Genetic expectation for ai depends on type of progeny evaluated (see Table 
1) . If half-sib progenies evaluated, ai- (0.25)aX and if full-sib 
progenies evaluated ai- (O.SO)al + (0.25)ao, etc. 
h2 aifa~, where a~- (MS3-MS2)jre, and 
a~ - MS3jre = a2jre + a~efe + a~ 
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Table 3. Response to selection for resistance to first - generation and 
second-generation European corn borer in BS9 (Adapted from Klenke 
et al., 1986). 
First-generation 
Populations Rating Yield 
l - 9t qjha 
BS9 co 3 . 6 60 . 7 
Cl 3 . 6 65 . 0 
C2 2 . 8 52 . 4 
C3 2 . 5 56 . 2 
C4 2 . 7 47 . 9 
Change, x+ -31.1 -21.1 
LSD (0.05) 1.4 13.8 
tRating scale of 1 (resistant) to 9 (susceptible) . 




l - 9t qjha 
6 . 4 53 . 1 
5 . 9 47 . 5 
5 . 7 44 .4 
4 . 4 40 . 8 
4 . 4 44 . 0 
- 31.2 - 17.1 
1.3 13 . 8 
Table 4 . Responses to selection for decreased root rot infection and 
increased stalk strength after seven cycl es of selection in 
Lancaster Sure Crop (Adapted from Devey and Russell , 1983). 
Cycle of Root rot Stalk Days to Ears per Grain 
selection rating strength flower 100 plants y ield 
l-6t kg no ) no . qjha 
co 3 . 3 28 . 7 16 . 0 94 . 5 66 . 5 
Cl 3.0 36 . 0 18 . 6 93 . 0 66 . 3 
C2 2 . 0 42 . 0 19 .3 97 . 5 66 . 3 
C3 2 . 3 46 . 5 18 . 9 93 . 0 61. 8 
C4 2 . 2 47 . 9 18 . 4 91.5 54 . 4 
C5 1.8 52 . 5 18 . 7 88.5 50 . 2 
C6 1.6 54.0 20 . 4 81.0 46 . 9 
C7 1.3 59 . 6 21.8 75 . 5 40 . 1 
be - 0 . 26** 4. 7** 2.7** ns -1. 2** 
tRating scale of 0.5 (resistant) to 6 . 0 (susceptible). 
toays after July 1. 
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Table 5. Comparative responses for grain yield (qjha) to inbred progeny and 
half-sib family recurrent selection in BSK (Tanner and Smith , 1987) 
and FSHmR (Horner, 1985) . 
Cycle of BSK(S} BSK(S} x BSK(HI} BSK(HI) 
selection Per se Self Per se Self Per se Self 
LSD (0.05) 
- 7 . 9 qjha 
co 48 . 7 27.7 48 . 7 27 . 7 48 .7 27 . 7 
C4 62 . 1 39 . 0 61.6 40 . 8 52 . 9 31. 9 
C8 60 . 1 41.3 71 . 1 43 . 6 64 . 5 39 . 1 
Change , % 23 . 4 49 . 1 46 . 0 57 . 4 32 . 4 41.2 
Testcross means Cn x Cn crosses s2 bulks 
FSHmR(S} FSHmR(TC) FSHmR(S} FSHmR(TC} FSHmR(S} FSHmR(TC) 
co 49.1 49.1 47.1 47 . 1 
Cl 50 . 0 51.5 49.4 52.8 
C3 55 . 0 55.5 56.1 56 . 8 31.6 26 . 9 
b 1.9** 2.2** 3 . 4** 2 . 2** 
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Table 6 . Responses to s 1 and s2 recurrent selection in BS2, BSTL , and BS16 
maize populations (Adapted from Iglesias and Hallauer , 1991) . 
Cycles of Grain Days to Ear Lodging 
Population selection Yield Moisture flower height Root Stalk 
qjha % no. ern ----- - %-- --- -
Per se 
BS2 co 40 . 1 17 . 5 71 121 18 22 
C3 51.5 18 . 0 72 119 5 22 
cs 49 . 1 17 . 8 70 104 3 21 
BSTL co 39 . 6 19 . 3 73 116 7 15 
C3 52 . 2 18 . 6 72 113 4 17 
cs 49.8 17 . 8 72 110 2 13 
BS16 co 47.1 19 . 8 74 133 10 21 
C2 53 . 9 17 . 4 69 103 9 13 
C4 44 . 9 16 . 3 69 101 3 16 
Se1fed 
BS2 co 24.2 17 . 2 75 96 12 17 
C3 29 . 5 17.7 74 101 6 19 
cs 30.2 17 . 7 73 104 4 19 
BSTL co 23 . 4 18.3 75 101 5 12 
C3 31.2 18 . 3 74 104 4 15 
cs 30 . 7 18 . 0 73 96 2 10 
BS16 co 27 . 5 19 . 7 75 108 7 15 
C2 26 . 1 17 . 0 72 95 4 14 
C4 30.0 16 . 9 70 86 2 15 
LSD (0 . 05) 6.9 0.8 2 6 4 5 
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Table 7 . Responses to 11 cycles of half-sib reciprocal recurrent selection 
conducted in BSSS and BSCBl (Adapted from Keeratinijakal and 
Lamkey, 1993). 
Cycles of Grain yield (gLha} Grain moisture (%} Stalk lodging (%} 
selection BSSS Cross BSCBl BSSS Cross BSCBl BSSS Cross BSCBl 
co 35 . 5 42 . 4 32 . 1 20 25 40 21 19 18 
C4 37 . 6 49 . 4 31.6 21 30 32 19 18 17 
C7 42 . 4 60 . 8 36 . 1 17 20 18 21 20 20 
C8 43 . 4 65 . 9 33 . 0 14 14 12 21 20 20 
C9 42 . 5 69 .4 38 . 7 16 15 10 21 19 19 
C10 39 . 8 68 . 4 35 . 9 17 16 12 20 19 19 
Cll 39 . 2 67 . 6 37 . 6 10 11 10 22 19 19 
be 0 . 6 2 . 8 0 . 6 -0 . 6 -1.5 -3 . 1 0 . 0 0 . 0 0 . 0 
Change , %t 10 . 4 59 . 4 17.1 -50 . 0 -56.0 -66 . 7 4 . 8 0 . 0 5 . 6 
tchange of Cll relative to co. 
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